The transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2) contains two transcription activation domains, Neh4 (Nrf2 ECH homology 4) and Neh5, which co-ordinately regulate transactivation of cytoprotective genes. In the present study we aimed to clarify the role of the Neh5 domain in Nrf2-mediated gene regulation. Deletion of the complete Neh5 domain reduces expression of endogenous Nrf2 target genes, such as HO-1 (haem oxygenase 1), NQO1 [NAD(P)H:quinone oxidoreductase 1] and GCLM (glutamate cysteine ligase modulatory subunit), in human kidney epithelial cells. Furthermore, the deletion of Neh5 markedly repressed CBP [CREB (cAMP-response-element-binding protein)-binding protein] and BRG1 (Brahma-related gene 1) from associating with Nrf2, diminishing their co-operative enhancement of HO-1 promoter activity. Mutational analysis of the Neh5 domain revealed a motif that shares significant homology with β-actin and ARP1 (actin-related protein 1). Mutagenesis of this motif selectively decreased HO-1, but not NQO1 and GCLM, expression. Taken together, these results indicate that the Neh5 domain has the ability to regulate Nrf2 target gene transcription, yet the role of the Neh5 domain in transcription varies from gene to gene.
INTRODUCTION
When mammalian cells are exposed to sub-lethal levels of electrophiles, an adaptive response is induced in which expression of a battery of genes involved in cytoprotection is transcriptionally activated. This adaptive mechanism is associated with an enhanced ability of the cell to conjugate and excrete reactive chemical species, coupled with an increased capacity to withstand oxidative stress [1] . A cis-acting sequence called ARE/EpRE (antioxidant-/ electrophile-responsive element) is the regulatory component responsible for the induction of these cytoprotective genes in response to oxidative or electrophilic stress. Nrf2 (nuclear factor erythroid 2-related factor 2) belongs to the CNC (cap-n-collar) transcription factor family, which is characterized by a highly conserved basic region-leucine-zipper structure [2] . Under homoeostatic conditions, Keap1 (Kelch-like ECH-associated protein 1) binds to Nrf2 and facilitates Nrf2 degradation via the proteasome system [3, 4] . Upon exposure to electrophilic or oxidative stress, Nrf2 is released from Keap1 and accumulates in the nucleus [3, 5] , where Nrf2 binds to ARE via heterodimerization with small Maf proteins [6, 7] . Cytoprotective genes activated by the Nrf2/ARE pathway include: (i) Phase 2 detoxifying enzymes, such as GST (glutathione S-transferase) and NQO1 [NAD(P)H:quinone oxidoreductase 1] [8] ; (ii) antioxidative defence enzymes, such as HO-1 (haem oxygenase 1) [9, 10] ; (iii) enzymes in glutathione synthesis, such as subunits of glutamate cysteine ligase [11] ; (iv) enzymes for NADPH generation, such as malic enzyme [12] ; and (v) Phase 3 enzymes involved in cellular efflux, such as Mrp1 (multidrug-resistanceassociated protein 1) and Mrp2 [13, 14] . Nrf2-null mice are deficient in this co-ordinated genetic programme, and are susceptible to various oxidative stress-related pathologies, including chemical carcinogenesis [15] , acetaminophen toxicity [16] , diesel-exhaustinduced DNA damage [17] , hyperoxia-induced lung injuries [18] and haemolytic anaemia [19] . In addition to its role in detoxification and oxidative protection, Nrf2 can also modulate the inflammatory response both in vivo [20, 21] and in vitro [22, 23] , and may protect the vasculature from atherosclerotic lesions in vivo through up-regulation of HO-1 [24] . Thus understanding the mechanisms involved in Nrf2-mediated ARE activity is central to the elucidation of how organisms sense oxidative stress and subsequently mobilize an intrinsic cellular defense.
Based upon the homology of cross-species orthologues, we have identified six domains, Neh1 (Nrf2 ECH homology 1) to Neh6, in Nrf2 ( Figure 1A ) [3] . Neh1 has a basic region for DNA binding and the leucine-zipper structure for dimerization. Neh2 is a negative regulatory domain that interacts with Keap1, allowing Nrf2 to be targeted by the Cullin 3-based E3 ubiquitin ligase complex for ubiquitylation followed by proteasomal degradation [3, 4] . Oxidants and electrophiles interfere with Keap1-facilitated Nrf2 degradation by a yet-undefined mechanism, but the end result is Nrf2 stabilization and enhanced transcriptional activity Abbreviations used: 30aa, 30 amino acids; ARE/EpRE, antioxidant-/electrophile-response element; ARP1, actin-related protein 1; BRG1, Brahmarelated gene 1; CAT, chloramphenicol acetyltransferase; CBP, CREB (cAMP-response-element-binding protein)-binding protein; ChIP, chromatin immunoprecipitation; CNC, cap-n-collar; DMEM, Dulbecco's modified Eagle's medium; GBD, Gal4-binding domain; GCLM, glutamate cysteine ligase modulatory subunit; HAT, histone acetyltransferase; HO-1, haem oxygenase 1; Keap1, Kelch-like ECH-associated protein 1; Neh, Nrf2 ECH homology; NQO1, NAD(P)H:quinone oxidoreductase 1; Nrf2, nuclear factor erythroid 2-related factor 2; Pol II, RNA polymerase II; RT-PCR, reverse transcriptase PCR. 1 To whom correspondence should be addressed (email itohk@cc.hirosaki-u.ac.jp).
Figure 1 Neh5 deletion markedly attenuates expression of endogenous Nrf2 target genes
(A) Alignment of the 30aa region corresponding to the Nrf2 Neh5 domain, which is conserved among Nrf2 orthologues and other members of the CNC transcription factor family. The numbers shown underneath represent amino acid positions within the mouse Nrf2 protein, as taken from the first methionine residue. Amino acid residues conserved among at least three CNC proteins are shaded in grey. Acidic and hydrophobic residues conserved between at least four proteins are indicated by the asterisks and closed circles respectively. c, chicken; h, human; m, mouse; z, zebrafish. (B) Immunoblot analyses of 293/FLAG-Nrf2 or 293/FLAG-Nrf2 Neh5 cell lines. Following treatment with tetracycline for the indicated times, whole-cell extracts of 293/FLAG-Nrf2 and 293/FLAG-Nrf2 Neh5 cells were subjected to immunoblot blot analysis with anti-FLAG (upper panel) or anti-β-actin (lower panel) antibodies. (C) After treatment with 1 µg/ml tetracycline (Tx), HO-1, NQO1 and GCLM mRNA expression was examined by real-time RT-PCR analysis in 293/FLAG-Nrf2, 293/FLAG-Nrf2 Neh5 and 293/CAT cell lines at 0, 6, 12 and 24 h. Samples were normalized by 18S rRNA expression. Expression of HO-1, NQO1 and GCLM genes without tetracycline treatment in 293/FLAG-Nrf2 cells was arbitrarily set as 1. The means + − S.E.M. for three independent experiments performed in duplicate are shown. #P < 0.05 and ##P < 0.01 relative to the expression in 293/FLAG-Nrf2 Neh5 cells at the same time point (Student's t test). [25, 26] . Neh6 functions as a degron in the nucleus, mediating Nrf2 destabilization solely under oxidative conditions [27] . Neh4 and Neh5 are N-terminal domains with distinct transactivation properties, which bind CBP [CREB (cAMP-response-elementbinding protein)-binding protein] and BRG1 (Brahma-related gene 1) for transcription [28, 29] . The Neh5 domain is conserved among CNC transcription factors, such as p45 and Nrf1, whereas Neh4 shares more structural similarity to transcription factors, such as p53 and E2F [28] . Neh3 is a C-terminal domain and also contributes to Nrf2 transactivation [30] .
In comparison with other CNC transcription factors, Nrf2 possesses markedly potent transactivation activity [31, 32] . To understand comprehensively the rationale for such potency, in the present study we have conducted an in-depth analysis of Neh5-mediated transactivation. The aim was to understand specifically how the Neh5 domain functions during Nrf2 transactivation and its role in regulating endogenous Nrf2 target gene expression.
EXPERIMENTAL

Chemicals and reagents
Blasticidin, hygromycin B, zeocin and tetracycline were obtained from Invitrogen.
Expression plasmids and reporter constructs
Plasmids encoding either full-length Nrf2 or Nrf2 Neh5 (Nrf2 with the Neh5 domain deleted) with an N-terminal FLAG tag were generated by inserting a mouse cDNA fragment of Nrf2 or Nrf2 Neh5 [28] into the KpnI and ApaI restriction sites of the pcDNA3.1-3 × FLAG constructs, which were generated by subcloning of the PCR-amplified 3 × FLAG fragment into the NheI and KpnI sites of the pcDNA3.1/Hygro(+) plasmid. Nrf2M2 and Nrf2M4 (see Figure 5 ) were generated by PCR-mediated mutagenesis by introducing the mutations into the pcDNA3.1-3 × FLAG-Nrf2 construct. We used the Flp-In T-REx system (Invitrogen). The NheI and ApaI cDNA fragments of Nrf2, Nrf2M2, Nrf2M4 or Nrf2 Neh5, tagged with FLAG-epitope, were sucloned into the EcoRV and ApaI sites of pcDNA5/FRT/TO (Invitrogen). The human HO-1 promoter (pCEP4-hHO-1-Luc) and Gal4-luciferase reporter (pCEP4-Gal4-TATA-Luc) have been described previously [29] . Expression plasmids for GBD (Gal4-binding domain)-Nrf2-30aa (where 30aa is 30 amino acids), GBD-p45-30aa and GBD-Nrf1-30aa were generated by inserting the PCR-amplified mouse cDNA into a pcDNA3-GBD plasmid produced by subcloning of the pGBT9-HindIII fragment into the pcDNA3 construct. The GBD-Nrf2Neh5 expression plasmid has been described previously [28] .
GBD-Nrf2Neh5 alanine mutations (M1 to M15; see Figure 5 ) were generated by site-directed mutagenesis by introducing the mutations into the GBD-Nrf2Neh5 expression plasmid using PCR. CBP (pcDNA3-mCBP-HA), CBP HAT [CBP with the HAT (histone acetyltransferase) domain deleted] (pcDNA3-mCBP HAT-HA) and BRG1 (pcDNA3.1-3 × FLAG-BRG1) expression plasmids have been described previously [29, 33] . All PCR-generated constructs were verified by sequencing.
Cell culture, transfections and luciferase assays SW480, SW13 and QT6 cells were cultured in DMEM (Dulbecco's modified Eagle's medium; Sigma), supplemented with 10 % fetal bovine serum (Gibco). For reporter assays, SW480 and SW13 cells were transfected using Lipofectamine TM Plus (Invitrogen). QT6 cells were transfected using the calcium phosphate precipitation method [28] . Luciferase assays were performed using a dual luciferase kit (Promega), as described previously [28] . The total amount of plasmid DNA for transfection was adjusted by empty expression vector (pcDNA3). Transfection efficiency was normalized by Renilla luciferase activity. The means + − S.E.M. for at least three independent experiments, each carried out in duplicate, are shown. To examine protein expression, 10 µg of GBD-Neh5 wild-type or mutant M1 to M15 plasmids, along with the pENL control plasmid, were transfected into QT6 cells by the calcium phosphate precipitation method.
Generation of stable cell lines
293/FLAG-Nrf2, 293/FLAG-Nrf2 Neh5, 293/FLAG-Nrf2M2, 293/FLAG-Nrf2M4 and 293/CAT (chloramphenicol acetyltransferase) stable cell lines were generated using Flp-In T-REx 293 cells. Briefly, pcDNA5/FRT/TO containing the cDNAs encoding 3 × FLAG-Nrf2, 3 × FLAG-Nrf2 Neh5, 3 × FLAG-Nrf2M2, 3 × FLAG-Nrf2M4 or CAT were co-transfected with pOG44, which encodes Flp recombinase, into the parental Flp-In T-REx 293 cell line. Stable transformants were selected and maintained in DMEM containing 10 % fetal bovine serum, 15 µg/ml blasticidin and 100 µg/ml hygromycin B.
ChIP (chromatin immunoprecipitation) assays
ChIP analysis was performed after treatment with 1 µg/ml tetracycline. Immunoprecipitation analysis was conducted using control rabbit IgG, anti-Nrf2 (Santa Cruz; SC-13032) and anti-(Pol II) (RNA polymerase II) (Santa Cruz; sc-899) antibodies. PCR primers have been described previously [29] . Chromatin DNA (5 %) was also subjected to PCR analysis and is indicated as Input in the Figures. PCR products were quantified using iQ SYBR Green Supermix (Bio-Rad) with the Chromo 4 TM Real-Time PCR Detection System (Bio-Rad). Specific enrichment of DNA by anti-Nrf2 antibody was calculated by subtracting the PCR value of normal IgG from that of anti-Nrf2 antibody and by normalizing that value to the PCR input.
Immunoprecipitation and immunoblotting
After tetracycline treatment, whole-cell lysates of 293/FLAGNrf2, 293/FLAG-Nrf2 Neh5, 293/FLAG-Nrf2M2 and 293/ FLAG-Nrf2M4 cells were analysed by immunoprecipitation with anti-FLAG antibody conjugated beads (Sigma; Azz20) as described previously [29] . Immune complexes were subjected to immunoblot analysis with anti-CBP (Santa Cruz; SC-369), anti-BRG1 (Santa Cruz; SC-10768) or anti-FLAG (Sigma; A8592) antibodies. Immunoblot analysis was carried out as described, using anti-Nrf2 (Santa Cruz; SC-13032), anti-HO-1 (Santa Cruz; SC-7695), anti-laminB (Santa Cruz; SC-1616) and anti-β-actin (Santa Cruz; SC-6217) antibodies [29] .
Quantitative real-time PCR analysis
Total RNA (1 µg) was reverse-transcribed and used for quantitative PCR with qPCR Mastermix (Eurogentec) system, using the ABI 7700 Sequence Detection System (Applied Biosystems). Primers and TaqMan probes for qPCR have been described previously [29] .
Statistical analysis
The results were expressed as the means + − S.E.M., and statistical significance was determined by one-way ANOVA followed by a Dunnett's post-hoc test for multiple parameter comparisons, and Student's t test for two parameter comparisons. P < 0.05 was considered to be statistically significant.
RESULTS
Neh5 domain is essential for expression of endogenous Nrf2 target genes
The Neh5 domain of Nrf2 activated transcription in co-transfection transactivation assays [28, 29] . The Neh5 domain (amino acids 172-201) is a highly conserved motif in Nrf2 orthologues from several different species, and the regions structurally related to the Neh5 domain are found in the other CNC family proteins, NF-E2 (nuclear factor erythroid 2) p45 and Nrf1 ( Figure 1A) . To examine the roles Neh5 plays in the activation of endogenous Nrf2 target genes, we established 3 × FLAG-Nrf2 (293/FLAG-Nrf2) and 3 × FLAG-Nrf2 Neh5 (293/FLAGNrf2 Neh5) cell lines, in which Nrf2 and its mutant forms were expressed under the control of a tetracycline-inducible promoter from single identical genomic loci; we employed the Flp-In T-REx system for this purpose [30] . Time-course analysis of Nrf2 expression after tetracycline treatment revealed that similar amounts of FLAG-Nrf2 and FLAG-Nrf2 Neh5 were expressed in cells over a wide range of time points ( Figure 1B) .
We then examined expression of endogenous Nrf2 target genes in these cell lines by real-time PCR analysis. The expression of HO-1, NQO1 and GCLM (glutamate cysteine ligase modulatory subunit) mRNA was induced after tetracycline treatment of 293/FLAG-Nrf2 cells ( Figure 1C ), but not in control 293/CAT cells, in which the CAT gene was expressed under the control of the tetracycline-inducible promoter. By contrast, inducible expression of all three genes was markedly decreased in the 293/FLAG-Nrf2 Neh5 cell line compared with those in the 293/ FLAG-Nrf2 cell line ( Figure 1C ). These results thus demonstrated that the Nrf2 Neh5 domain is essential for transcription of endogenous Nrf2 target genes.
Neh5 is not required for Nrf2 nuclear translocation or Nrf2 binding to ARE
To determine whether Neh5 deletion affects the nuclear accumulation of Nrf2, we examined nuclear expression of FLAGNrf2 Neh5 after tetracycline treatment. FLAG-Nrf2 and FLAG-Nrf2 Neh5 were similarly expressed in the nucleus (Figure 2A ), indicating that Neh5 is dispensable for the nuclear accumulation of Nrf2. To examine whether Nrf2 Neh5 retains the ability to bind to ARE in vivo, we next performed a ChIP assay. The 293/FLAG-Nrf2 and 293/FLAG-Nrf2 Neh5 cell lines were treated with tetracycline, and chromatin was immunoprecipitated using an anti-Nrf2 antibody. PCR was used to detect increased Nrf2 binding to the E1 enhancer of HO-1 ( Figure 2B ), which harbours functional AREs. Exon 3 of HO-1 was amplified by PCR as a negative control. FLAG-Nrf2 Neh5 was found to be recruited to AREs in the HO-1 E1 enhancer region in a similar manner to FLAG-Nrf2 ( Figures 2C and 2D) . We also performed ChIP assays using an anti-(Pol II) antibody and primers for the HO-1 promoter. Pol II recruitment to the HO-1 promoter was decreased in 293/FLAG-Nrf2 Neh5 cells compared with 293/FLAG-Nrf2 cells after tetracycline treatment ( Figure 2E ). Normal rabbit IgG and an upstream region of CSF-1 (colonystimulating factor 1) gene were used as a control in this analysis. These results thus demonstrate that the Neh5 deletion does not affect Nrf2 binding to the E1 region, but the ability to recruit Pol II to the HO-1 gene promoter is inhibited.
Interaction of Nrf2 with CBP or BRG1 depends on Neh5 domain
We next examined the interaction of tetracycline-induced Nrf2 with endogenous CBP and BRG1, as previous studies have demonstrated that CBP and BRG1 are involved in the activation of Nrf2 via the Neh4 and Neh5 domains [28, 29] . 293/FLAG-Nrf2 and 293/FLAG-Nrf2 Neh5 cells were treated with tetracycline for 6 h and whole-cell lysates were prepared. Nrf2 was immunoprecipitated with anti-FLAG antibody conjugated to agarose beads, followed by immunoblotting with anti-CBP and anti-BRG1 antibodies. We found that CBP and BRG1 associated with FLAG-Nrf2, but this interaction was much weaker with FLAG-Nrf2 Neh5 ( Figure 3A) , demonstrating that the Neh5 domain is important for the interaction of CBP and BRG1 with Nrf2.
CBP and BRG1 co-operatively stimulate Nrf2-mediated HO-1 promoter activity through Neh5
The role of CBP and its HAT activity were examined in Neh5-mediated transactivation. For this purpose, we co-transfected CBP (lanes 1-4) . (B) Neh5 is important for Nrf2-mediated HO-1 promoter activity, which is further enhanced by CBP. SW480 cells were transfected with 20 ng of pCEP4-hHO-1-Luc (first bar), 100 ng of pcDNA3.1-3 × FLAGNrf2 (Nrf2) or pcDNA3.1-3 × FLAGNrf2 Neh5 (Nrf2 Neh5), with or without 800 ng of CBP or CBP mutant (CBP HAT) expression plasmids as indicated. Luciferase activity of the reporter construct alone was arbitrarily set as 1, and the means + − S.E.M. for the relative luciferase activity from at least three independent experiments, each carried out in duplicate, are shown, as described in the Experimental section. (C) CBP and BRG1 co-operativity in Nrf2-mediated HO-1 promoter activation is markedly attenuated in Nrf2 Neh5 cells. SW13 cells were transfected with 20 ng of pCEP4-hHO-1-Luc (first bar), 100 ng of pcDNA3.1-3 × FLAGNrf2 (Nrf2) or pcDNA3.1-3 × FLAGNrf2 Neh5 (Nrf2 Neh5) with or without 800 ng of CBP and/or 200 ng of BRG1 expression plasmids as indicated. Transfections and luciferase assays were performed as described in (B). *P < 0.05, **P < 0.01 relative to the Nrf2 alone; ‡P < 0.05, ‡ ‡P < 0.01 relative to the Nrf2 Neh5 alone (Dunnett's test); #P < 0.05, ##P < 0.01 relative to Nrf2 alone (Student's t test).
or the HAT-deficient mutant CBP HAT [33] into SW480 cells that expressed endogenous BRG1 [29] . Co-expression of CBP significantly increased Nrf2-mediated HO-1 promoter activation ( Figure 3B ). In contrast with wild-type CBP, the increase in Nrf2-mediated HO-1 promoter activation by CBP HAT was markedly diminished ( Figure 3B ). Furthermore, in comparison with wildtype Nrf2, CBP-mediated enhancement of HO-1 promoter activity was markedly decreased in the presence of Nrf2 Neh5.
As our previous results showed that BRG1 is required for HO-1 activation [29] , we next examined whether Neh5 is required for BRG1-mediated HO-1 activation in BRG1-deficient SW13 -30aa; B) , GBD-p45-30aa (p45-30aa; C) or GBD-Nrf1-30aa (Nrf1-30aa; D) along with 800 ng of CBP and/or 200 ng of BRG1 expression plasmids. Transfections and luciferase assays were performed as described in Figure 3 (B). *P < 0.05, **P < 0.01 relative to Nrf2 alone (Dunnett's test).
cells. BRG1 increased luciferase activity in the presence of wild-type Nrf2, whereas BRG1-mediated activation of the HO-1 promoter was markedly reduced in the presence of Nrf2 Neh5 ( Figure 3C ). In agreement with our previous study, an ATPasedefective mutant of BRG1 failed to increase the HO-1 promoter activity in the presence of Nrf2 or Nrf2 Neh5 (results not shown). Intriguingly, in SW13 cells, CBP increased the Nrf2-mediated activation of HO-1 gene only in the presence of BRG1 (Figure 3C) . Similarly, BRG1-and CBP-mediated activation of HO-1 promoter was markedly reduced in the presence of Nrf2 Neh5. These results demonstrate that BRG1, in co-operation with CBP, enhances transactivation of the human HO-1 gene promoter and that the Neh5 domain is essential for their co-operation.
BRG1 and CBP co-operatively enhance transactivation activity of Neh5-related domains of CNC transcription factors
We next examined whether the transactivation domains in p45 and Nrf1 that correspond to the Nrf2 Neh5 domain (or the 30aa region) show transactivation activity. To this end, we generated fusion proteins consisting of the Gal4 DNA-binding domain and the 30aa regions. These fusion proteins were introduced into human SW480 cells, together with a luciferase reporter gene driven by five Gal4-binding sites. We found that GBD-Nrf2-30aa, GBDp45-30aa and GBD-Nrf1-30aa all enhanced markedly the reporter gene expression ( Figure 4A ). Comparable protein expression was confirmed by immunoblot analysis (results not shown).
Based on these observations, we hypothesized that CBP and BRG1 co-operatively enhance the transcription activation originating from the Neh5-related domains. To test this possibility, we performed a similar co-transfection-transactivation assay in were introduced into GBD-Neh5 by site-directed mutagenesis. Gal4-TATA-Luc reporter (20 ng) and GBD-Neh5 [30 ng; WT (wild-type)] or GBD-Neh5 M1 to GBD-Neh5M15 fusion protein expression constructs were co-transfected into QT6 cells. Luciferase assay was as described in Figure 3 (B). *P < 0.05, **P < 0.01 relative to the GBD-Neh5 (WT) (Dunnett's test).
(B) Immunoblot analysis of Neh5 mutants. QT6 whole cell lysates transfected with GBD-Neh5 (lane 1) or GBD-Neh5M1 to GBD-Neh5M15 (lanes 2-16) expression constructs were subjected to immunoblotting using anti-GBD or anti-β-Gal antibodies. (C) An alignment of the actin-related motif in the Neh5 domain among CNC family transcription factors. Amino acid residues identical among at least three proteins are shaded in grey. Acidic residues and hydrophobic residues conserved between CNC proteins and ARP1 are indicated by asterisks and closed circles respectively. The consensus sequence of actin-related motif is shown below. SW13 cells. Indeed, CBP and BRG1 individually and additively increased the transactivation activity of GBD-Neh5-30aa, GBDp45-30aa and GBD-Nrf1-30aa (Figures 4B-4D) .
Mutation of the actin-related motif selectively decreased the Nrf2-mediated activation of HO-1 transcription
To identify critical residues required for transactivation activity of the Nrf2 Neh5 domain, we performed an alanine-scanning mutation analysis in which sequential blocks of two amino acid residues were mutated to alanine residues in the conserved 30aa of Neh5 (M1-M15; Figure 5A ). The transcriptional activity of these GBD-fusion protein mutants were tested in quail fibroblast QT6 cells by co-transfection with a luciferase reporter construct driven by five Gal4-binding sites. In this analysis we found that some residues are more critical than others. Particularly, M2, M3, M5 and M6 are very important for Neh5 function, whereas M4 has no effect on the reporter activity ( Figure 5A ). We confirmed comparable expression of these mutant proteins by immunoblotting ( Figure 5B ), but we also found that these mutant proteins migrate somewhat differently on SDS/PAGE for unknown reasons. Thus we concluded that the region corresponding to M2-M6 is important for the Neh5-mediated transactivation activity. Then we performed a database search using NCBI BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) to identify a motif sharing similarity to this region. We found limited hits on potential transcription factors, but discovered significant sequence similarity between the first half of the 30aa region of Neh5 and β-actin or ARP1 (actin-related protein 1) ( Figure 5C ).
To test the contribution of the actin-related motif to Nrf2 target gene transcription, we established the 3 × FLAG-Nrf2M2 (293/FLAG-Nrf2M2) and 3 × FLAG-Nrf2M4 (293/FLAGNrf2M4) cell lines by employing the Flp-In T-REx system, as described in Figure 1 . Because the M4 mutation had no effect on the Gal4-Nrf2 transactivation activity in scanning mutation assays ( Figure 5B), this mutation was used as a control. Comparable expression of both mutants with wild-type Nrf2 was confirmed by immunoblot analysis with an anti-FLAG antibody ( Figure 6A ). Firstly, we examined the interaction of these two mutants with CBP and BRG1 by immunoprecipitation analysis after tetracycline treatment. We found that Nrf2M2 and Nrf2M4 associated with both BRG1 and CBP as efficiently as wild-type Nrf2 (Figure 6B) . Next, we examined the effect of these mutations on the expression of Nrf2 target genes by real-time PCR analysis. The result demonstrated that the M2 mutation markedly attenuated inducible expression of the HO-1 gene, but not that of NQO1 and GCLM ( Figure 6C ). In contrast, the M4 mutation did not affect the inducible expression of any of these three genes ( Figure 6C ). To examine further the effect of these two mutations on HO-1 gene expression, we performed immunoblot analysis. Consistent with the mRNA analysis, the inducible expression of HO-1 was decreased in 293/FLAG-Nrf2M2 cells compared with that in the 293/FLAG-Nrf2 cell line ( Figure 6D ). However, HO-1 expression was decreased in the 293/FLAG-Nrf2M4 cell line ( Figure 6D ). Overall these observations suggest that the region sharing homology with ARPs may specifically be involved in Nrf2-mediated HO-1 transcription, but the region that corresponds to M4 may impair the HO-1 protein expression by affecting cotranscriptional steps, such as pre-mRNA processing.
DISCUSSION
Although Nrf2 shows very strong transcriptional activity among the CNC transcription factors [31, 32] , we found in the present study that the 30aa Neh5-related region in p45 and Nrf1 tends to drive the Gal4 reporter gene expression equally or even better than that of the Nrf2 Neh5 domain ( Figure 4A ). We also showed that the Nrf2 Neh5 domain is important for the interaction of Nrf2 with CBP and BRG1. Considering the fact that the transactivation activities of Nrf2 Neh5 or Neh5-related domain of p45 and Nrf1 were activated by CBP and BRG1 ( Figures 4B-4D) , we hypothesized that Neh5-related domains act as interaction surfaces for CBP and BRG1 in a subfamily of CNC transcription factors. Our results also suggest that the high Nrf2 activity compared with that of p45 and Nrf1 cannot be explained by the difference in Neh5 activity, but may be due to the synergy between Neh5 and other transactivation domains, such as Neh4.
Deletion of Neh5 showed a profound effect on the expression of Nrf2 target genes ( Figure 1C ). Although we could not delineate a precise mechanism (or find direct supporting evidence) as to how the Neh5 deletion decreases NQO1 and GCLM gene expression, we surmised that the CBP-mediated pathway may be affected. Indeed, we have shown previously that Neh5, in co-operation with Neh4, recruits CBP and activates Nrf2 transactivation activity [28] . Furthermore, expression of HO-1, NOQ1 and GCLM was affected in the embryonic fibroblasts of a CBP heterozygous knockout mouse (results not shown). The mechanism of how the Neh5 deletion attenuates expression of individual Nrf2 target genes remains to be explored.
It is interesting to note that CBP activates HO-1 promoter activity only in the presence of BRG1 (Figure 3C ), suggesting that BRG1 may be the rate-limiting step in HO-1 promoter activation. Indeed, we demonstrated recently that BRG1 knockdown in The actin-related motif (shown as the 'DME motif') is essential for human HO-1 expression, but not for NQO1 or GCLM expression. In Nrf2-mediated HO-1 transcription, the Neh5 DME motif may facilitate Z-DNA formation in the HO-1 promoter by enhancing BRG1 activity, subsequently leading to Pol II recruitment. Thus the Neh5 DME motif is a requirement for proper HO-1 expression.
human colon cancer SW480 cells attenuated induction of HO-1, but not NQO1 and GCLM [29] (see also Figure 7 ). Furthermore, Nrf2 recruits BRG1 and subsequently facilitates the recruitment of Pol II to the HO-1 promoter [29] . A similar defect in HO-1 transcription was observed in both the 293/FLAG-Nrf2M2 (present study) and BRG1 knockdown cell lines [29] , indicating that mutations in the actin-related motif of the Nrf2 Neh5 domain may somehow interfere with the activity of the BRG1 complex. Because the mutation in the actin-related motif of the Nrf2 Neh5 domain does not affect the interactions with BRG1, we surmised that this motif determines ATPase activity of BRG1 after its recruitment to the promoter. In addition to the actin-related motif (that corresponds to M2, M3 and M5 in Figure 5A ), the mutation of M6 amino acids (i.e. that corresponds to Glu-Leu in mouse Nrf2; see Figure 5A ) also severely affected the transactivation activity of Gal4-Neh5. Thus this region might be important for the interaction of Nrf2 with CBP.
β-Actin is abundantly expressed in the nucleus, as well as in the cytoplasm, and is now recognized as playing an important role in the transcriptional processes controlled by Pol II [34, 35] . β-Actin co-purifies with Pol II and is critical for the formation of the pre-initiation complex. In addition, β-actin and ARPs were identified as essential components of the ATP-dependent chromatin complexes that contribute to its chromatin-remodelling activity [36] [37] [38] [39] . It was previously reported that Nrf2 interacts with β-actin [40] . β-Actin also interacts directly with BRG1, and this interaction may be required to achieve maximal ATPase activity [41] . Thus the co-operative role of the actin-related motif in Neh5 and BRG1 in Nrf2-mediated HO-1 gene transcription remains to be explored.
Specific mutations in the Neh5 domain can cause differential effects on gene transcription. For example, HO-1 mRNA expression in 293/FLAG-Nrf2M4 cells was comparable with that in 293/FLAG-Nrf2 cells, but HO-1 protein levels were decreased in 293/FLAG-Nrf2M4 cells. This observation suggests that the region corresponding to the M4 mutation plays a role in the HO-1 protein expression through the enhancement of steps such as HO-1 pre-mRNA processing. Other studies have demonstrated that strong transcriptional activators can alter the efficiency of specific pre-mRNA processing steps, including 5 -end m7G (7-methylguanosine) cap formation, RNA splicing, and 3 -end formation, to co-ordinate transcription and pre-mRNA processing levels [42, 43] . Such activators can increase pre-mRNA processing levels by increasing recruitment of pre-mRNA processing factors to promoters [43, 44] . Because abnormal HO-1 splicing was not observed in the 293/FLAG-Nrf2M4 cell line by RT-PCR (reverse transcriptase PCR) analysis (results not shown), this may suggest that altered 5 -cap or 3 -end formation may be the reason for the defective HO-1 induction in this mutant cell line. Otherwise, Nrf2 may directly or indirectly affect translational steps of HO-1.
In summary, we have demonstrated that the Nrf2 Neh5 domain is crucial for inducible expression of endogenous Nrf2 target genes. Deletion of Neh5 domain attenuates the recruitment of Pol II to the HO-1 promoter. Neh5-mediated recruitment of BRG1 and CBP plays a critical role in transcriptional activation of HO-1. Within the Neh5 domain, we further identified a motif with significant homology to β-actin or ARP1, which seems to confer the ability to specifically drive HO-1 gene transcription, but not that of NQO1 or GCLM. These results thus indicate that: (i) the Neh5 domain is critical in transactivation of Nrf2 target genes; (ii) the Neh5 domain allows for recruitment of BRG1 and CBP; and (iii) the Neh5 domain contains a motif that confers a special ability to selectively allow Nrf2 to drive HO-1 transcription. Thus the Neh5 domain plays a critical role in the transactivation activity of Nrf2.
